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Abstract
The radiative lifetime of single 1,10-dioctadecyl-3,3,30,30-tetramethylindodicarbocyanine molecules, embedded in a
polymer thin film, has been characterized. At room temperature the chemically identical molecules exhibit strong
fluctuations in their fluorescence lifetime. The possible conformational origin of these fluctuations has been addressed
by semi-empirical quantum-chemical calculations. Specifically, the impact of conformational effects induced by thermal
motion on the transition energy and the value of the transition dipole moment has been studied. The results indicate
that the strong fluctuations cannot be explained by pure thermally activated conformational changes. Since quenching
mechanisms are not responsible for the observed fluctuations, we suggest that molecular segmental dynamics of the
surrounding polymer play a key role in determining the lifetime fluctuations.
 2003 Elsevier Science B.V. All rights reserved.
1. Introduction
Single molecule spectroscopy (SMS) is a new
powerful method, which allows to investigate the
interactions between an individual fluorophore
and its surrounding environment [1]. In the last
decade, much attention has been paid to the in-
teresting observation that chemically identical
single molecules embedded in the same matrix may
show completely different behavior. In particular,
distributions of lifetimes for terrylene molecules
embedded in polyethylene at a temperature of
30 mK have been observed with a relative standard
deviation of about 20% [2]. For nonpolar fluoro-
phores, embedded in nonpolar polymer matrices,
the distribution of radiative lifetimes has been
suggested to result from the dispersion interaction,
which is also responsible for inhomogeneous
broadening and the solvent shift of the transition
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frequency [3]. This can be rationalized by the fact
that the electronic energy states of a dye embedded
in a host material are very sensitive to the local
environment.
The transition frequency xðtÞ of a specific
transition of a single fluorophore is the sum of a
static component x0 and a dynamic component
dxðtÞ. The variation in the static component
originates from the fact that each molecule inter-
acts with a different configuration of polymer
segments, which shifts the value of its resonance
frequency in a unique manner. The variation in the
dynamic component results from the coupling with
the fluctuating surrounding medium. Since glassy
polymers always contain a significant amount of
disorder, different fluorophores have different local
environments and therefore will have different
static and dynamic components (related to con-
formational changes of the dye induced by thermal
motion and/or the dynamic of the surrounding
polymer matrix) of their transition frequencies [3].
At room temperature, radiative lifetime distribu-
tions are wider than the cryogenic distributions, as
other phenomena can take place inside the matrix
when the temperature is increased. In particular,
the aperture of extra decay channels in the vicinity
of the probe molecule is well-known to produce
large fluctuations in lifetime [4].
In this Letter we report on fluorescence lifetime
measurements performed at room temperature on
1,10-dioctadecyl-3,3,30,30-tetramethylindodicarbo-
cyanine perchlorate (DiD) fluorophores (Fig. 1a)
embedded in a polystyrene (PS) matrix. We ob-
serve that the lifetime of an individual fluorophore
can vary up to 100% with respect to its mean va-
lue. The results of our quantum-chemical calcula-
tions indicate that conformational changes are not
responsible for the extremely large lifetime fluctu-
ations observed. Furthermore, our data clearly
show that the fluctuations do not arise from
quenching mechanisms.
2. Experimental
Experimental details can be found elsewhere [5].
In brief, dye-doped polymer thin films (30 nm)
were prepared by spin-coating of a solution of
DiD (5 1010 M) and PS (number average molar
mass of 89 300 g/mol, polydispersity index of 1.06)
in toluene onto a glass substrate. Annealing was
performed in order to relax the stresses induced by
the deposition procedure [5]. The films were in-
vestigated using a confocal scanning fluorescence
microscope illuminated by femtosecond laser pul-
ses at a repetition rate of 80 MHz. Time correlated
single photon counting allows for the acquisition
of fluorescence lifetime transients.
3. Results and discussion
After photoexcitation of a probe molecule in its
first excited state, the system can relax by either
radiative or nonradiative decay channels in a few
nanoseconds. Integrating the process during a
200 ms time bin allows us to build an histogram of
the time-lags between the excitation and fluores-
cence processes. Fig. 1b shows such an histogram,
best-fitted by a single-exponential decay with a
fluorescence lifetime sf ¼ 1:814 ns. Repeating the
experiment, we can monitor the temporal and local
fluctuations of the local environment around the
Fig. 1. (a) Chemical structure of the DiD fluorophore. (b)
Fluorescence lifetime decay of a DiD fluorophore embedded in
a 30 nm thick poly(styrene) film, at room temperature. The
excitation power is about 3 kW=cm2.
R.A.L. Vallee et al. / Chemical Physics Letters 372 (2003) 282–287 283
probe. Fig. 2 shows transients of fluorescence
lifetime and fluorescence intensity for two indi-
vidual DiD molecules embedded in a 30 nm thick
film of PS. These two molecules are representative
of hundreds of others, observed in the same con-
ditions. In both cases, the intensity weakly fluctu-
ates, within a 10–20% range, around the mean
value; note the latter is larger for molecule a than
for molecule b since the fixed dipoles of these two
molecules are not oriented in the same way with
respect to the incident circularly polarized beam
[5]. However, while the fluorescence lifetime of the
first molecule varies very little and rather sym-
metrically around the mean value, the second
molecule exhibits a lifetime that makes frequent
excursions towards higher values and reaches
100% deviation above the mean value. What can
be the origin of such lifetime fluctuations? We
mentioned previously that quenching mechanisms
can play an important role in a polymer matrix at
room temperature. However, the insets of Fig. 2
show the absence of correlation between intensity
and fluorescence lifetime, for each molecule.
Combining this observation with the fact that
fluctuations lifetime point towards higher values
and that DiD has a high quantum efficiency (close
to unity) allows us to exclude the activation of an
efficient nonradiative decay channel. A second
entry to the problem is to examine the parameters
of the decay rate formula [6]:
s110 ¼
ffiffi
e
p x310d210
3pe0hc3
; ð1Þ
where s10, x10, d10, e0 and e designate the radiative
lifetime, transition angular frequency, and transi-
tion dipole moment of the excited state of the
fluorophore for the S1  S0 transition, and the di-
electric constants of the vacuum and of the con-
sidered medium (e ¼ 2:5 for polystyrene),
respectively. This equation shows that fluctuations
in transition frequency and transition dipole mo-
ment can be responsible for the observed changes
in lifetime. In this context, we have performed
quantum-chemical calculations to assess the im-
pact of conformational fluctuations on the fluo-
rescence lifetime.
We have first optimized the geometry of the
molecule in the ground state using the semi-
empirical Hartree–Fock Austin Model 1 (AM1)
method [7] and in the lowest excited state by
coupling the AM1 Hamiltonian to a full configu-
ration interaction (CI) scheme within a limited
active space, as implemented in the Ampac pack-
age [8]. The equilibrium geometry of the isolated
molecule is close to planarity and displays very
similar bond lengths and bond angles in the two
states; the latter behavior is related to the fact that
both states are described by a superposition with
equal weight of the two resonance forms of the
cyanine backbone [9]. This also implies that tran-
sition dipole moments associated with absorption
and emission processes have a similar magnitude.
We have then computed the optical absorption
spectra of the molecule by means of the semi-
Fig. 2. Intensity (diamonds) and fluorescence lifetime (circles)
trajectories of two different DiD molecules embedded in a 30 nm
thick film of polystyrene, at room temperature and with an
excitation power of about 3 kW=cm2. The second molecule
(b) shows peculiar excursions towards higher lifetimes. The
insets show correlation plots between intensity and lifetime.
They show no correlation, indicating no aperture of extra decay
channels occurring during the measurement.
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empirical Hartree–Fock intermediate neglect of
differential overlap (INDO) method, as parame-
terized by Zerner et al. [10], combined to a single
configuration interaction (SCI) technique; the CI
active space is built here by promoting one elec-
tron from one of the highest twenty occupied to
one of the lowest twenty unoccupied levels. The
first excited state giving rise to the lowest absorp-
tion band, is calculated at 2.27 eV, in good
agreement with the experimental value around
1.90 eV [5]; the slight discrepancy between the two
values most likely originates from the neglect of
medium effects in the theoretical approach. The
first excited state is mostly described by an one-
electron transition between the highest occupied
molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) levels, whose bonding-
antibonding pattern is illustrated in Fig. 3. These
two levels are delocalized over the whole molecular
backbone with dominant weights found over the
polyenic segment. Interestingly, the electronic
density is mostly localized on the [odd-numbered]
even-numbered carbon atoms of the polyenic
chain in the [LUMO] HOMO level. The transition
dipole moment l01, that can be written here as:
l01 ¼
Z
HOMOðrÞ rLUMOðrÞdr ð2Þ
is estimated to be 14.9 D at the INDO/SCI level in
the planar conformation. In view of the orbital
shapes, it has vanishingly small contributions
arising from the polyenic segment. This is illus-
trated in Fig. 4, which displays the atomic transi-
tion densities qi associated with the lowest excited
states. Note that the atomic transition densities are
calculated at the INDO/SCI level in a such a way
that summing their values qi multiplied by the
spatial coordinates ri of the corresponding atoms
yields the total transition dipole moment l [11].
Here, l is found to be oriented along the main
axis.
In order to assess the impact of possible con-
formational effects on the transition energy and
transition dipole moments, we have first calculated
at the AM1 level the potential energy curves as-
sociated to a rotation around the bond connecting
the carbon atoms 6–7 and 4–5, respectively (see
labeling in Fig. 1). These are displayed in Fig. 5
together with the corresponding evolution of the
radiative lifetime obtained from Eq. (1) using the
INDO/SCI-calculated transition dipole moments
and transition energies obtained for each torsion
angle. In both cases, the calculated curves show
that the molecule can be twisted by up to 10–20
with a few kTs, when taking a planar conforma-
tion as the starting geometry. These fluctuations
will not significantly impact the radiative lifetime,
Fig. 3. Illustration of the linear combination of atomic orbitals
(LCAO) pattern of the HOMO and LUMO levels of the DiD
molecule, as calculated at the INDO level. The size and color
of the balls reflect the amplitude and sign of the coefficients,
respectively. The plots have been generated with the ZOA
program [12].
Fig. 4. Illustration of the distribution of the atomic transition
densities associated to the transition between the ground state
and the lowest excited state of the molecule, as calculated at the
INDO/SCI level. The arrow describes here the orientation of
the total transition dipole moment. The plot has been generated
by the ZOA program [12].
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as evidenced by its calculated evolution as function
of the rotational angle (see Fig. 5). In both cases,
the values change by less than 10% between 0 and
30, which is in good agreement with the reported
schematic diagram of potential energy surfaces
involved in radiative deactivation of a single cya-
nine dye molecule [13]. Moreover, the flatness of
these curves does not allow us to reproduce the
large fluctuations observed experimentally, even
when considering that the molecule is initially in a
slightly twisted conformation, as a result of local,
steric interactions with the surrounding polymer
chains; doubling the radiative lifetime would ac-
tually requires a change in the torsion angle by
more than 50. Thus, the results of our calcula-
tions rule out that thermally activated conforma-
tional changes are the main origin for the strong
evolution in the radiative lifetime observed exper-
imentally.
4. Conclusions
In summary, we have measured, by scanning
confocal fluorescence microscopy, the fluorescence
lifetime of DiD molecules embedded in a poly-
styrene matrix. The experimental data display
lifetime fluctuations reaching 100%; a priori this
effect could be attributed to conformational
changes of the molecule induced by thermal heat-
ing or to the dynamics of the surrounding medium.
The results of quantum-chemical calculations,
Fig. 5. AM1-calculated torsion potential profile associated to rotations around the 6–7 (top) and 4–5 (bottom) carbon atoms of the
molecule. The insets illustrate the corresponding evolution of the radiative lifetime.
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however, indicate that, upon rotation of the ter-
minal fused rings by 20 (i.e., when spanning new
conformations accessible by thermal activation),
the changes occurring in the transition energy and
transition dipole moment associated to the emit-
ting state are very small; hence, conformational
fluctuations only lead to weak fluctuations in ra-
diative lifetime. Thus, the strong disparity in flu-
orescence lifetimes observed experimentally cannot
be mainly attributed to conformational dynamics
of the probe molecule. This behavior cannot be
attributed either to quenching effects in the matrix.
Thus, the fluctuations in the observed lifetimes
have to come from density fluctuations of the
surrounding polymer.
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